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ABSTRACT
Assessing Silica and Dissolved Oxygen Effects on Copper 
Corrosion Control in Southern Nevada Water 
Treatment and Supply System
by
Abdel-Raliman M. Toubat
Dr. David James, Examination Committee Chair 
Professor o f  Civil and Environmental Engineering 
University of Nevada, Las Vegas
A pilot plant study was performed to investigate both the effect o f silica on the 
corrosion process in the water system, and the effect o f increased oxygen concentration 
resulting from ozonation on copper corrosion in the water system. The piping system 
used in the pilot plant resembled a household piping system, and consisted o f four loops 
o f copper pipes. Silica was added to the finished water before entering the loops at three 
different concentrations and corrosion was monitored by measuring copper concentration 
in first-draw weekly samples taken from the pilot system. Silica addition was monitored 
on a daily basis. Alkalinity, pH, dissolved oxygen, temperature, and conductivity were 
also measured, and the corrosivity o f each water was calculated.
Statistical and thermodynamic chemical analysis were performed to evaluate the 
results in chapter, and the most effective dosage o f  silica was determined. An average o f
111
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11.3 mg/1 applied silica concentration was found the most effective dosage in retarding 
the corrosion rate. Increased in dissolved oxygen concentration had insignificant effect 
on dissolved copper concentration.
A multiple linear relationship was found to predict copper concentration in loop 1, 
where no silica was added, as a function o f alkalinity and temperature. It was also found 
that the formation o f  Cu(0 H)2, CufCOj), C u H C O ] a n d  CufCO])?  ^ere 
thermodynamically favored under the experiment conditions in loop 1.
IV
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CHAPTER 1
INTRODUCTION
Corrosion is a multifaced problem that can have economic, public health, and 
political repercussions. Copper is highly conductive toward electricity and heat, and its 
resistance to oxidation gives it high degree o f corrosion resistance. However, copper’s 
main problem is rapid pitting corrosion in cold water. According to the U.S. Copper 
Corrosion Development Association (CDA) this phenomenon counts for 58% o f all types 
of copper corrosion (Shreir et al., 1994). Failure o f copper tubing due to corrosion is 
relatively rare.
Corrosion of copper pipes forms two series of compounds; those that may be 
considered as derived from cuprous oxide (CujO) and those derived from cupric oxide 
(CuO). Dispersion of copper corrosion products in the water causes blue or green 
staining of plumbing fixtures. Such water often provides an unpleasant taste due to high 
concentration of dissolved copper. Corrosion in water distribution piping and o f home 
plumbing and fixtures has been estimated to cost more than $700 million per year 
(Singley et al., 1985). The U.S. Department of Commerce conducted a study to quantify 
the total economic impact o f corrosion in the United States. The estimated total cost for 
the year 1982, for industrial, commercial, and public utilities, was $126 billion (Mars,
1
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21986). Present day costs are likely to be higher.
Public health concerns involve ingestion and bodily accumulation of metal cations 
from drinking water. The U.S. Environmental Protection Agency (EPA) regulates 
through the Lead and Copper Rule (EPA, 1992) the maximum allowable concentration of 
copper in drinking water at 1.3 mg/1. EPA recognizes that corrosion problems are unique 
to each individual water supply system and requires each community to conduct a study 
of its water corrosivity and materials in the water and to report the results to the EPA.
The Southem Nevada Water Authority (SNWA) was interested in evaluating the 
effects o f silica addition and ozonation on copper pipe corrosion, since changes in the 
water treatment process will take place in the future. These changes are expected to 
potentially affect current corrosion prevention methods. Ozone is expected to be added to 
the treatment chain in 1999 to replace chlorine as a disinfectant. This process will 
saturate the finished water with dissolved oxygen. Sodium silicate is expected to replace 
zinc orthophosphate as a corrosion inhibitor in the distribution system.
Corrosion is a complex process that depends on different factors such as the 
characteristics o f the metal used, the physical and chemical properties o f the water, and 
the chemicals used as corrosion inhibitors. A detailed corrosion study considering all 
factors and water quality effects was not attempted due to time limitation. Instead, 
attention was directed principally to the effects of dissolved oxygen and the corrosion 
inhibitor (sodium silicate) on the concentrations of dissolved copper in the water.
Physical and chemical water quality parameters were monitored daily, and weekly 
samples were collected for chemical analysis.
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1.1 Corrosion Chemistry and Kinetics
Corrosion is defined as the deterioration o f a  metal due to its reaction with the 
environment. The reactions leading to corrosion products (oxides and basic carbonates) 
are well established. However, different reaction sequences can occur depending on 
conditions, and each circumstance tends to be unique. These reactions represent, at the 
best, the overall changes that occur in small steps, and they provide insight and 
understanding o f the complex process. High precaution should be taken in considering 
these reactions in each case.
In order to understand the complexity o f the corrosion process, first we should 
know the mechanism by which a material oxidizes. Three steps are involved; 1 ) transport 
o f dissolved reactants to the metal surface; 2) electron transfer at the surface; and 3) 
transport o f dissolved products fi-om the reaction sites. The oxidation (removal of 
electrons) or dissolution o f  metal occurs at the anode (negative charge), and the reduction 
(consumption o f electrons) occurs at the cathode (positive charge). Copper oxidation, 
leading to cuprite formation, is driven by a series o f reactions initiated at the metal 
surface (Edwards et al., 1994):
Cu Cu"Z + 2e- Eq. 1.1
2Cu + H ,0  -► CujO + 2H" + 2e' Eq. 1.2
Other cupric solids or complexes form on copper pipe as corrosion by-products, 
some of them presented in the following reactions:
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Cu*- + 2 H .0  -► Cu(OH), -H 2H* Eq. 1.3
Cu‘- + H* + COj-^ CuHCOj- Eq. 1.4
Cu*- +  CO/^ -** Cu(C03 ) Eq. 1.5
The formation of solid natural protective scales that inhibit transport are often an 
important factor in transport control.
In copper pitting, Lucey (1967) suggested the formation of a membrane cell. The 
cell is covered by cuprous oxide membrane which contains cuprous oxide and cuprous 
chloride crystals. The cuprous oxide acts as a bipolar electrode with oxidation taking 
place on the inside surface and reduction taking place on the outside surface. Meanwhile, 
calcium bicarbonate in the waters is reacting simultaneously with cuprous oxides, which 
results in the precipitation of calcium carbonate and basic cupric salts such as malachite 
(CuC03Cu(0 H)2) (Hatch, 1973). Malachite varies in color from a dark blue-green to a 
yellowish blue-green, depending on the presence o f other trace elements and the presence 
of other anions. The overall equation according to Lucey is:
4CuCl + Ca(HC03 ): 4- O, “ ►CuC0 3 .Cu(0 H)2 + CaCO  ^+  2CuCl2 Eq. 1.6
In most potable water distribution systems, the rate of corrosion is subject to 
limitation by a transport step for the motion o f dissolved species to or from the surface 
site. This suggest that the difference in potential in a corroding metal system is related to 
concentration differences between the surface and the bulk solution (James Montgomery, 
1985). I f  surface scales are present, the rate of transport of reacting ions through the scale
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5may be the rate-limiting step in the corrosion process (Schock, 1990).
The growth o f a thick oxide film depends on both good electronic and ionic 
conduction. If either o f these conductivities is low, the growth rate o f oxide film will be 
low. A cuprous oxide (CuiO) film is estimated to grow to a thickness of roughly 20“A 
before stresses in the film cause it to break up (Hilbum, 1983). An outer layer of porous 
film composed of CujO, Cu(0 H)2, and CuO then forms on top of the continuous layer 
(AWWA, 1990). The presence of a film can greatly increase the complexity of the 
process over that o f  a simple chemical reaction between the metal and a component in 
solution.
Oxygen is the substance that accepts the electrons produced in equation 1.1 and 
allows the corrosion reactions to continue. In alkaline solution, oxygen adsorption from 
solution on the oxide surface is characterized by the following stoichiometry:
O2 + 2 H2O + 4e 40H ' Eq. 1.7
The presence of oxygen in the water is an important contributing factor to 
corrosion process. Its effect is complicated, and depends on the chemical and potential 
characteristics o f the metal and the water in use. If the corrosion is under cathodic control 
(uniform corrosion), the rate o f corrosion will be proportional to the area o f the cathode 
and the rate at which oxygen arrives at the cathode. Increasing oxygen in equation 1.7 
will consume more electrons, which means more oxidation will occur on the copper 
surface because it increases the rate at which oxygen is transported to the surface. This 
rate is also a function of the oxygen concentration and the flow velocity o f the water.
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6This reaction causes an increase in pH near the cathode and leads to the following 
reactions:
OH + HCOj-  ^+ HnO Eq. 1.8
Ca*-+ COj-"-► CaCOj,,, Eq. 1.9
And CaCO] v/ill precipitate from the solution (AWWA, 1985) providing a protective 
layer, thus decreasing the corrosion rate.
In the case of pitting corrosion, the system may not be under cathodic control; 
hence, more complex relationships develop. The lower limits o f  oxygen concentration 
for pitting corrosion were set by some researchers (AWWA, 1985 and Shreir et al., 1994) 
at 5 mg/1 and 7.6 mg/1. Lucey indicates that no pitting occurs at oxygen concentration of 
2 mg/1 or less, whereas at concentrations in the range of 2 to 7 mg/1 there is increase in 
pitting propensity with an increase in oxygen concentration.
1.2 Water Properties and Chemistry
Water characteristics play a major role in initiating or preventing copper 
corrosion. Flow velocity and temperature are two main physical properties o f water. 
Velocity effects are complex and depend on the characteristics o f the metal and the 
environment to which it is exposed. Velocity can profoundly affect the corrosion rate. 
High velocity with tendency o f water to precipitate calcium carbonate can aid in the 
process of inhibition by transporting protective material to the surface (Singley et al.,
1985). However, high velocities are associated with erosion corrosion in copper pipes.
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7and contribute to increase the rate at which dissolved oxygen (DO) contacts the pipe 
surface, which increases the corrosion rate. A velocity not higher than 4-5 ft/sec is 
recommended in the literature to prevent the protection film from disturbance (AWWA, 
1985). Stagnation can cause the suspended solids to settle out and create crevice 
corrosion (AWWA, 1985) which may explain a spike in the corrosion concentration in a 
sample of previously stagnant water observed by the authors. A flowing solution will 
prevent that possibility. In this research, velocities o f 1.45 and 3.27 ft/s were applied.
In alkaline water with a positive Langelier Index, deposition of calcium carbonate 
from the water may occur and could contribute to restraining the corrosion process. The 
Langelier Index is defined as the difference between the actual ( or measured ) pH o f a 
water and the hypothetical pH the water would have if  it were in equilibrium with 
CaCOjjs) (Snoeyink et al., 1980). A positive L.I. means the water is oversaturated with 
respect to CaCOj^) and will tend to precipitate CaCO],;,, and a negative L.I. means that 
the water is undersaturated with respect to CaCO](;) and will tend to dissolve CaCOg;,,. It 
is often stated that water with a L.I. o f +0.2 or more will usually deposit a hardness scale 
and inhibit corrosion (Snoeyink et al., 1980). Alkalinity generated by the cathodic 
reaction with oxygen, Eq. 1.7, raises the pH on part o f the surface which converts 
bicarbonate to carbonate deposit scale (Eq. 1.8 and Eq. 1.9). Such deposition can occur 
even if  the water is not supersaturated in calcium carbonate (negative Langelier Index) 
which explains the decrease in dissolved copper concentration by increasing DO higher 
than some level. However, in the case o f solutions containing carbonate (CO3 ')  and 
bicarbonate (HCO3 ) ions, the active-to-passive transition o f copper includes the
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8formation of copper carbonates whose contributions and the protective action of the 
composite surface layer depend on solution pH (Ribotta et al., 1995).
Temperature affects the solubility o f  metals and dissolved gases, such as oxygen, 
in the water, and it affects the rate o f reactions that occur on the metal surface. Changes 
in temperature can influence the chemical composition and physical properties of the 
water, the characteristics of any scales formed on the metals surface, and the nature o f the 
metal itself. At higher temperatures, considering all factors, an increase in corrosion 
activity should be expected (James M. Montgomery Engineers, 1985). Copper is subject 
to corrosive attack from high velocity, soft water, and low pH. Water with pH lower than 
6.5 and hardness less than 60 mg/1 as CaCOg are considered aggressive to copper (James 
M. Montgomery Engineers, 1985). In a study conducted by the Illinois Water Survey 
(1973), it was found that in waters o f low hardness and alkalinity and low mineral 
content, addition of 6.8 - 8.2 ppm o f silica (SiOj) plus sufficient caustic soda to provide a 
pH of 8.4 gave the lowest corrosion rate in waters tested at 140“F and 180°F. Zinc added 
to the silicate treatment without increasing the pH with caustic soda was shown to be 
ineffective, as a corrosion inhibitor.
1 3  Corrosion Inhibitors
Inhibitors, as defined by the National Association of Corrosion Engineers, are 
substances that retard corrosion when added to an environment in small concentrations 
(Hatch, 1973). Inhibition is a complex process which depends on different factors, such 
as pH, temperature, and metal characteristics. Many inhibitors act by forming a
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9protective layer over anodic or cathodic sites, or both. However, applying the results of 
site-specific studies to draw general conclusions about effectiveness o f  inhibitors under 
other conditions may lead to inappropriate decisions.
The number of inhibitors available for treatment o f drinking water is drastically 
limited by potability considerations such as health and environmental restrictions. 
Moderate pH elevation, calcium carbonate scale, and limited concentrations o f silicates, 
polyphosphates, and zinc salts are the most inhibitors in use for potable water (Hatch, 
1973). Sodium silicate was used in this research as a corrosion inhibitor. Literature 
review indicates that the effectiveness o f silicate inhibitors is mixed. Some studies have 
suggested that silicate has little or no effect on reducing corrosion o f copper because of 
high pH values in the range 8.0 - 9.5 generally have been maintained in conjunction with 
silicate treatment (AWWA, 1990). However, Hatch (1973) showed a significant 
reduction in dissolved copper concentration in the water using silicate inhibitor at pH 
levels in the range of 7.9 to 8.23. A study conducted by Alhajji (Alhajji et al., 1996) on a 
water with maintained chloride and sulfate ion concentrations and pH range 6.4 - 8.7 
indicated a factor o f 3 increase in corrosion rate with increasing dissolved silica 
concentration from 4 to 40 ppm.
Silicates are considered anodic inhibitors; controlling corrosion by combining 
with the free metal released at the anode site of corrosion activity and forming an 
insoluble metal-silicate compound. Calcium and magnesium will also react with silica. 
Therefore, sufficient dosages must be applied to compensate for both activities. To be 
effective, inhibitors must be present above a certain minimum concentration. Too low a
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silicate dosage may intensify corrosion rates in some waters (James M. Montgomery 
Engineers, 1985), and the effect could be more severe than in the complete absence of 
inhibitor (Shreir et al., 1994). Speller and Texter conducted studies on silicate and 
suggested a minimum dosage of 8 mg/1 during the establishment o f protection 
(approximately 3 to 4 weeks) and o f 4 mg/1 for subsequent maintenance of protection 
(Hatch, 1973). The action o f the inhibitor is influenced by existing deposits in the mains, 
and higher initial doses o f about 10 mg/1 are often required. Even higher dosages, about 
50 - 100 mg/1, can be used for cleaning old mains (Shreie et al., 1994). The naturally 
occurring silica is inactive for inhibitive purposes, so it is not taken into account in 
determining the desired silica feed (Hatch, 1973 and Butler et. al. 1966)
1.4 Objectives
The goals of this research were to determine the effectiveness of sodium silicate 
as a corrosion inhibitor in the SNWS water treatment process, and to determine a silica 
dosage that produces copper concentrations less than or equal to the MCL ’’take action” 
concentration level defined in the Lead and Copper Rule required by EPA (EPA, 1992). 
EPA specifies a 1.3 mg/1 as the “take action” contaminant level (MCL) for copper in 
potable w ater system. It was also intended to evaluate the effects of the increase in 
dissolved oxygen concentration that is anticipated to result from the ozonation process on 
corrosion o f  the copper pipes.
The research took place at Alfred Merritt Smith Water Treatment Facility 
(AMSWTF) over the period of one calendar year to capture seasonal effects due to
R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
11
temperature changes. Nominal applied dosages of 4 ,8 , 12 mg/1 as SiO, were applied in 
this research.
It is expected that the findings and the recommendations of this study will help 
SNWS management staff in developing a corrosion control strategy to be used when 
ozone is added to the treatment process at the AMSWTF. Data analysis will emphasize 
identification o f a minimum effective silica dosage to limit copper concentrations to 
levels below the MCL. Other factors and measures, such as corrosion rate as mass loss 
and corrosion effect on other metals, are being investigated in other studies.
The evaluation o f  corrosion control treatment in this pilot study included: 1 ) 
testing protocols including sampling program design which incorporates sampling 
frequency, locations, analytical methods; 2) material used to simulate the targeted 
environment which is, in this study, copper pipes used in home plumbing system; 3) 
estimation o f corrosion by measuring the copper concentration in the water; and 4) data 
handling and statistical analysis for interpreting the findings.
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CHAPTER 2 
METHODOLOGY
2.1 Introduction
The approach taken in this study was to apply different nominal dosages of 
silicate to treated water containing high levels of dissolved oxygen and some residual 
ozone, and then measure total copper concentrations after the treated waters had passed 
through copper pipe loops of known length and diameter.
This study was intended to be an important step in developing a rational and 
economic control strategy for copper corrosion in drinking water supplied to Southern 
Nevada residents. The source water for Southern Nevada tap water is Lake Mead water 
drawn from the Colorado River and treated at AMSWTF located near Lake Mead. The 
pilot plant was constructed and operated in way to resemble the actual circumstances of 
home plumbing system and fixtures.
2.2 Configuration
SNWS selected a treatment method for evaluation, and then constructed and 
operated four parallel pipe loops in the pilot plant located at AMSWTF. The pilot plant
12
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configuration is shown in Figure 1. The materials were 1/2 and 3/4 inch diameter copper 
pipes joined with 50:50 lead/tin solder. Other parts in the loop such as connections, in­
line mixers, valves, etc. were made o f  plastic material (PVC) to eliminate any 
contamination or side effect on the test from other materials. As shown in Figure 1, a day 
tank, ozone generator, chemical feed pumps, monitoring system, and four copper loops 
were installed for preparation of this water. These pilot plant loops were operated to 
evaluate four treatment conditions:
• Loop # 1 - finished water for control
• Loop # 2 - nominal sodium silicate dosage at 4 mg/1, SiO,
• Loop # 3 - nominal sodium silicate dosage at 8 mg/1, SiO^
• Loop # 4 - nominal sodium silicate dosage at 12 mg/1, SiO,
Water was taken from the filter effluent in the production plant and diverted to the 
pilot plant. In the first six months the diverted water was ozonated at 0.1 to 0.5 mg/1 and 
then stored in a day tank (3750 gal) to capture the effect o f storing the treated water in 
clearwell reservoir before distribution to the public. This caused dissipitation of most of 
the ozone in the water, since ozone half-life is short. After leaving the day tank, water 
was sent through each loop. After the first six months liquid oxygen was added to the 
water from liquid oxygen cylinder (LOX) to raise the oxygen concentration level in the 
water to the level that was observed during the ozonation stage. This change was due 
technical problems with the ozone generator, which was unreliable.
Then water was delivered at a flow rate of 2 gal/min to an in-line static mixer
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where the sodium silicate was added at the designated dosages; the mixers were to 
provide a well mixed solution from the tubing runs into a test station that provides on-line 
monitoring. A pHOX 900 series meter was provided at that point to monitor 
conductivity, pH, DO, temperature, and salinity. The data collected were downloaded 
into a spreadsheet in a PC computer and consolidated on a daily basis to a single average 
for each parameter. The data were recorded in the pHOX 900 data box every 15 minutes.
Water was controlled by an electric drain bypass valve and automatic timer to run 
16 hours per day and stagnate in the pipes for 8 hours. The system was designed to start 
at 1000 hours and to meter silica into the water before it entered the loops. Water then 
flowed through fifty feet o f one-half-inch copper tubing and twenty-two feet of three- 
quarter-inch copper tubing to simulate the home plumbing environment. Total volume in 
the tubing is one gallon. Flow ceased at 0200 hours on the next day when the lowest 
water demand was expected to occur. Weekly first-draw samples were taken from the 
copper loops, to measure copper and silica concentrations.
All loops were flushed with filter effluent water for two weeks prior to testing to 
clean any chemical preservatives or other debris in the tubing, using a sodium silicate 
dosage of 25 mg/1 o f SiO; for that piupose to initiate a protective layer on the inside 
surface o f the copper tubing loops. All loops were run for over a year to both 
accommodate the effects o f seasonal temperature changes, and to ensure that steady-state 
corrosion conditions had been achieved.
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2 3  Chemical Feed System
There are several different types o f sodium silicate products which range from 
moderately to strongly alkaline. Specific products are usually defined by their silica-to- 
alkali “ratios” (i.e., SiOiiNa^O). The product used in this research was (NazOiS.ZlSiOn) 
ratio and a density o f 11.6 pounds per gallon. The solution was 28.7% by mass silica.
The dosage rate for the product (28.7% concentrated) was calculated as follows:
desired SiO^ dosage imgll)
Product Dosage needed (jngll) -  ----------------------------------------------  Eq. 2.1
0.287
Because of the low testing flow rate o f 2 gallons/min through each test loop and 
the 16 hours per day runtime and the limitations o f chemical feed pumps, dilute solutions 
o f the chemical solution product were prepared in a 25-gallon polyethylene mixing tank 
with solution strength of 2% (20 grams of product /1  liter water); the ml/min feed rate 
was calculated as follows in order for the feeders to be able to sustain the flow rate 
required:
Chemical feed  rate, (m //m in) = g  (m //m in) x  PD (mg/l) 2 .2
C img/l)
Where: Q = Water flow rate (2 gpm = 7570 ml/min)
PD = Product dosage, calculated in Eq. 2.1 
C = diluted solution concentration, (20 g/1)
The desired nominal dosages rates were 4 ,8 , 12 mg/1 as SiO,. The passivation 
dosage (25 mg/1) was added imtil 90% of the dosage was seen in the effluent. It is
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important to mention that natural silica detected in the water, considered as a base line 
concentration, was not included in determining the dosage o f the silicate treatment. 
Positive displacement metering pumps were used to feed the chemicals. The pumps were 
calibrated once every two weeks to ensure that the correct amount of chemical was added.
2.4 Sampling
Since corrosion rates are affected by the chemical composition of the water, 
sampling and chemical analysis of the water were carried out to analyze and provide 
corrosion-related information. First-draw samples were taken on weekly basis from the 
loops. To represent conditions at the customer’s tap, the samples were collected after 8.0 
hours o f standing time and prior to start up ( start up time was at 1000 hours). Samples 
were collected as soon as the valve was opened. After taking the samples, water was 
allowed to fill the meter basin, then temperature, pH, DO, and conductivity were 
measured in situ. The samples were drawn slowly to minimize velocities and turbulence 
within the test pipes. Each sample was immediately labeled with the identification 
number of the loop fi-om which it was taken. Then samples were analyzed in the lab for 
copper concentrations using a 3111B Air-Acetylene Flame method specified in Standard 
Methods for the Examination o f Water and Wastewater, 19th edition 1995. Inhibitor 
(SiOi) residual concentrations were determined using the 4500 - Si D. molybdo-silicate 
method specified in the same reference. Alkalinity, and Ca^* were determined using the 
titration method.
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CHAPTERS  
RESULTS AND DISCUSSION
Corrosion inhibitors are widely used in non potable water systems and probably 
underutilized by water utilities because their use is limited to certain types of inhibitors; 
and the effects o f these inhibitors are often very complex.
3.1 Effect of Silica Addition
This research aimed to testing the effectiveness o f sodium silicate as a corrosion 
inhibitor. Three copper tube loops were subjected to different nominal dosages o f 4, 8,
12 mg/1 sodium silicate as SiOj, while the first loop ( loop 1) was used as control with no 
addition o f SiO,.
Figure 2 shows that sodium silicate was effective in inhibiting corrosion in the 
copper pipes by reducing sampled copper concentrations in water samples taken from the 
loops. It shows that the copper concentrations in Loops 2, 3, and 4 decreased over the 
first three months. Copper concentrations also decreased with the increase in sodium 
silicate dosage. The average copper concentration and the reduction percentage in the 
concentration in all loops are shown in Table 1. Each loop with silica addition had a 
lower copper concentration than the one in the control loop (loop 1 ). Loop 4, where the
18
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Figure 2. Copper concentration in the pilot plant loops with different applied silica dosages.
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highest dose o f silica was applied, reduced the copper concentration 75% to an average o f 0.17 
mg/1 Cu*-. Since there was no silica added to the control loop, an average control point was 
calculated from the year of data collected from loop 1 and used as a base line to calculate the 
percent reduction o f average copper concentration in the other loops. Mean baseline silica 
concentration in the control loop was 9.23 mg/1. Although, the water in the control loop 
contained appreciable amount of natural silica, it had no effect on copper corrosion at its level o f  
concentration as shown in Figure 6.
The reduction o f copper concentration as corrosion by-product released with respect to 
SiO; dosages indicated a nonlinear relationship between copper concentration and the SiO, as
Table 1. Average concentration of copper as corrosion by-product by treatment 
alternatives for the pilot plant study. All data.
mean SiO, 
applied 
mg/1
mean Cu"^ 
concentration 
mg/1
Std. dev. Cu** 
concentration 
mg/1
% reduction
Loop I 0.0 0.67 ±0.14 —
Loop 2 4.99 0.28 ±0.11 58
Loop 3 8.11 0.21 ±0.11 69
Loop 4 11.28 0.17 ±0.09 75
dosage as inhibitor. Figures 3, 4, and 5 show a power curve fit o f the data using least-squares 
regression. A power curve model explains the reduction in copper concentration with increasing 
the inhibitor SiO, dosage rate as follows;
C = AxD-® Eq. 3.1
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where C is the copper concentration in mg/1, A and B are constants, and D is the total dissolved 
SiO, concentration in the water in mg/1. The linearized form o f the equation with substituting A 
and B values o f the regression for all data. Figure 3, becomes:
Log C = 0.968 - 1.33 X Log D Eq. 3.2
The dissolution of copper in solution due to the corrosion process is in essence the 
opposite process of growing the passivation film, which explain the similarity between Eq 3.2 
and the equation developed by Soto and Cohen (Mars, 1986) to explain the empirical film growth 
rate. Thus, increasing sodium silicate dosage will reduce the copper corrosion by-product 
release. When the regressed equation, Eq. 3.2, was applied to the data obtained, it showed a fit 
with r^  = 0.57, indicating that the fit explained 57% of the variance in the data. This value of r^  
was significant at the p < 0.05 confidence level. However, because the data stabilized in the last 
28 weeks, another fit curve was obtained from plotting the data as shown in Figure 5. The value 
of r  improved to 0.65, indicating that the fit explained 65% o f  the variance in the data.
It should be emphasized that the constants A and B in Eq. 3.1 are complex functions of 
various fundamental parameters that depend on water composition, pressure, oxide formed, 
temperature, and the metal used in the study (Bradford, 1993). They will likely have different 
numerical values if the pilot study were conducted in another location.
Literature reports indicate that the mechanism of inhibition appears to be due to 
negatively charged colloid particles produced by the hydrolysis o f the silicate. These may be 
silica, SiOi, or more complex silicic ions o f the general formula (mSiOi.nHiO.pSiCP" which 
migrate to the anodic areas and form a protective film. At the pH and concentration ranges 
applied in this experiment, the silica species that most likely to form are SiOfOH);' and
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SiOa(OH)6 \  (Stumm and Morgan, 1981). The particles tend to coalesce into larger and 
larger aggregates and form a protective layer over the whole surface. This film formation 
depends on the presence o f small quantities o f corrosion by-product C u,0  in order for 
metal-silicate compounds to form (AWWA, 1985). The films are self-limiting and do not 
build up in thick layers. This silica film will gradually break down and protection will 
cease if  the dosage is stopped, which may explain the dependency of copper 
concentration on the applied silica dosage as shown in Figures 7, 8, and 9 where increases 
or decreases in the dosage rate resulted in decreasing or increasing the copper 
concentration, respectively.
In Figures 7, 8, and 9, the upward spikes in weekly copper concentrations are 
often accompanied by downward spikes in silica concentration. For example, see data, in 
Figure 7, for April 2, 1997, and June 18, 1997. Occasionally, downward spikes in copper 
concentration are accompanied by upward spikes in silica concentration. For example, see 
data, in Figure 7, for February 12, 1997, and July 16, 1997.
In addition, adding sodium silicate to the water raises pH of the water to higher 
levels where the tendency o f the water to deposit calcium carbonate increases. Thus, this 
deposition will retard the corrosion rate and decrease the copper concentration. However, 
the tendency to deposit a hardness scale is a form of both pH and the carbonate species 
concentrations. Average Langelier Index values were calculated for all loops 
considering the ionic strength in the pH, equation (Snoeyink et al., 1980). The equations 
are as follows:
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L.I. = pH - pHs Eq. 3.3
pHs = pKa - pKs + p[Ca"^]+ pjlHCOj ] - logYc,.: - logYHcos' Eq. 3.4 
where y indicates the ionic strength and [ ] the molar ion concentration.
Table 2 shows the calculated average L.I. with other water quality parameters that were 
monitored during the test period that affect Langelier Index (L.I.) or the corrosion rate. 
Loops 2, 3, and 4 had a positive average L.I., while loop 1 had a negative average L.I.
This result indicates that loop 1 tended to dissolve CaCO, into the water. Dissolving 
CaCOj into the water will affect the copper corrosion by-product concentration as will be
Table 2. Averages o f water quality parameters and Langelier Index for all loops in 
the pilot plant study at SNWS facilities.
Parameter loop 1 loop 2 loop 3 loop 4
pH 7.9 8.06 8.14 8.23
Temp, °C 22.7 23.0 25.5 22.9
DO, mg/1 8.8 9.2 9 9.3
SiO;, mg/1 (applied) 0.0 5.05 7.98 11.15
Cu*^, m gl 0.7 0.28 0.21 0.17
Ca'’^ , mg/1 94 91 93 95
alkalinity, mg/1 129 129 131 133
conductivity, ps 965 979 923 900
L.I. -0.02 +0.22 +0.31 +0.43
explained later in this chapter.
Statistical analysis was applied to generate performance rankings for the
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alternative treatments (different concentrations o f silica). Student’s t-test was applied to 
evaluate the significance o f the difference between the means of all loops using a null 
hypothesis that states that there is no significant difference between means 
(Pfeffenberger et al., 1977, and Snedecor et al., 1967). p = with confidence level of 
95% (a  = 0.05 ).
Since the data obtained didn’t follow a normal-distribution, they were transformed 
into a log-normal mode by using the base 10 log of the individual measurements. Both t 
values, the calculated t for the data sets and the t to compare against ( t critical ), ignoring 
the sign, i.e., either a positive or negative value is acceptable (Snedecor 1967), were 
calculated by computer statistical analysis software ( Microsoft Excel). The test was 
applied first on all data obtained through the experiment period. Then because the data 
tend to stabilize in the second half o f the year-long experiment, the test was applied again 
on the stabilized data. The results of the analysis are shown in Tables 3 and 4; and all of 
the results concluded the rejection of the null hypothesis. The analysis showed that each 
treatment (adding silica to the water) was significantly different from the control. Thus, 
loop 2 was significantly different from loop 1, loop 3 was significantly different from 
loop 2, and loop 4 was significantly different from loop 3. This means that each increase 
in added silica concentration significantly reduced copper concentrations at the p < 0.05 
confidence level.
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Table 3. Student’s t-test results. Using all data 
T critical calculated for p < 0.05
3 2
Comparison t critical t statistical
loop 1 and loop 2 2.01 16.78
loop 2 and loop 3 2.01 7.18
loop 2 and loop 4 2.01 11.35
loop 3 and loop 4 2.01 3.98
Table 3. Student’s t-test results. Data from April 97 - Oct 97 
t-critical calculated for p < 0.05
Comparison t critical t statistical
loop 1 and loop 2 2.05 12.37
loop 2 and loop 3 2.05 3.51
loop 2 and loop 4 2.05 8.71
loop 3 and loop 4 2.05 4.76
Because the dissolved oxygen concentration was also varying during silica 
addition, analysis of covariance (ANOVA) was conducted using MINITAB software 
(MINITAB, 1998) to determine if effects of dissolved oxygen were significant. The 
results showed that dissolved oxygen was not significant, and that silica was the 
significant controlling factor in affecting copper concentration. The results are 
summarized in Table 5 and the output of the analysis is shown in Appendix V.
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Table 5. Results of analysis of covariance for effects of silica addition 
using MINITAB
Comparison F statistical F critical F
All loops 220 4.45 <0.001
loops 2, 3, and 4 17.73 5.47 < 0.005
loops 3 and 4 3.11 2.38 <0.081
3.2 Effect of Dissolved Oxygen
Figures 10, 11, 12, and 13 show the effect of DO on the copper corrosion by­
product concentration. The scattered points indicate that the effect of the increase in DO 
in all loops is insignificant and can be ignored compared to the effect of other water 
quality parameters. It is believed that the reduction reaction ( cathodic reaction ), Eq. 1.7, 
is not controlling the corrosion rate; therefore, the oxidation reaction ( anodic reaction ), 
Eq. 1.1, will not proceed further to the right due to the increase in DO concentration. In 
loops 2, 3, and 4 this result can be explained due to the addition of sodium silicate to the 
water which resulted in forming a protective layer that protected the surface and reduced 
the diffusion of oxygen at the cathodic sites, thus preventing increased corrosion. 
However, in loop 1, the insensivity of copper concentration to dissolved oxygen 
concentration could also be due to the formation of copper carbonate and copper 
bicarbonate compounds, as will be detailed later in this chapter. This formation of copper 
carbonate and copper bicarbonate compounds will replace the reduction reaction, Eq. 1.7, 
in reacting with the free copper ion Cu*^ produced by Eq. 1.1. The result of the effect
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of the effect of DO is in agreement with the findings in the literature that increases in 
oxygen concentration up to about 4 mg/1 caused the copper corrosion rate to increase, but 
further oxygenation o f the water had little additional effect (Bradford 1993, AWWA 
1990, and Edwards, 1994).
In addition, it has been reported that the formation o f oxide films on a copper 
surface retarded the cathodic reaction of oxygen in Eq. 1.7. Furthermore, adding 
inhibitors to the water not only form a protective layer on the copper surface, but also 
alter the reaction on the cathode by increasing OH concentration and decreasing H* 
concentration in the water which drives the equilibrium o f reaction 1.7 back to the left.
3.3 Behavior of Control Loop
In Figure 6, copper corrosion by-product concentrations in loop 1 exhibited a 
maximum at about 2 months of exposure period including the passivation period. This 
result indicates a possible two-step mechanism for the corrosion reaction. First, increases 
and reaches a maximum after two months period due to the fact that the water flowed in 
new pipes, with high initial corrosion rates until a protective film had formed. Second, a 
gradual decrease due to the formation o f cupric oxide and other compounds that protected 
the surface and retarded the corrosion reaction. However, the increase in copper 
corrosion by-product concentration in the last 27 weeks of the experiment period 
indicates that copper corrosion by-product release was more dependent on water quality 
than on time of exposure. The protective layer that formed was weak and dissociated in 
the water in short time. Thus, the dissociation of the protective film combined with other
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water quality parameters, i.e., temperature and alkalinity, could have resulted in the 
observed increase in copper concentrations.
To develop additional understanding o f the behavior of loop 1, statistical analysis 
was carried out using the assumption that copper carbonate and copper bicarbonate 
compounds formed in loop 1. Averages o f temperature data recorded within ± 0.5 “C 
from each other were calculated. Average values of alkalinity, pH, and dissolved copper 
concentration that corresponded to the average temperatures were also calculated. The 
results are shown in Table 6.
Analysis o f these averages indicated that average copper corrosion by-product 
concentration was a linear function of measured alkalinity ( bicarbonate concentration ) 
with a regression coefficient of r^  = 0.59 as shown in Figure 14. Copper corrosion by­
product concentration showed a pattern o f fluctuation with respect to the calendar time 
similar to that o f temperature. Figure 15. However, a plot of copper concentration versus 
temperature, irrespective of time. Figure 16, indicates a little effect o f temperature on 
copper concentration with a regression coefficient r^  = 0.12. Also pH fluctuations in the 
range o f 7.6 - 8.0 showed no significant effect on copper concentration.
A multiple linear regression using both alkalinity and temperature as independent 
variables yielded the following equation for copper concentration, Cu"^:
Cu = - 0.81+ 0.01 X [alk] + 0.008 x T Eq. 3.5
where Cu is the dissolved copper concentration in mg/1, [alk] is the alkalinity measured 
in mg/1 as CaCO^, and T is the temperature in °C This relationship, which predicts the 
average dissolved copper concentration as a function of alkalinity and temperature
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Table 6. Averages o f water quality parameters used to predict copper concentration 
in loop 1.
Temp., °C Alkalinity, mg/1 
as CaCOj
pH Cu'% mg/1 
measured
Cu*-, mg/1 
predicted
24.9 133 7.9 0.678 0.719
27.4 133 8 0.755 0.739
15.4 135 7.7 0.670 0.663
16.7 120 7.9 0.544 0.524
18.1 132 7.95 0.654 0.655
23.4 120 7.92 0.472 0.577
17.3 124 7.95 0.509 0.568
14.5 136 8.05 0.680 0.666
19.2 120 8 0536 0.544
19.9 114 7.9 0.544 0.489
21.7 120 7.97 0.485 0.564
28.3 120 7.87 0.635 0.616
29 127 7.95 0.702 0.692
26.2 130 7.86 0.689 0.700
29.7 131 7.93 0.713 0.738
30.4 136 7.73 0.732 0.793
31.3 126 7.8 0.707 0.700
32.7 130 7.83 0.763 0.752
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improved the regression coefficient r2 to 0.82 as shown in Figure 17. This r2 value is 
significant at the p < 0.05 confidence level. Temperature affects oxidation potentials as 
shown by the Nemst equation:
Increasing the temperature will increase the half cell potential for oxidation reactions 
where is negative. Kinetically, the rate of corrosion is increased by an increase in
temperature; generally, an increase of lOoC in temperature will double the corrosion rate 
as shown by the modifred Arrhenius equation:
Kj = K ,x0^-'"‘ Eq.3.7
in addition, an increase in temperature can change the entire nature of the 
corrosion from pitting at cold temperatures to uniform corrosion when hot, which cause 
an increase in dissolved copper concentration. However, the pipe may have longer life 
(Schock, 1990) because corrosion is uniform instead o f localized. Visual examination of 
the pipe in loop 1 indicated that the pattern of corrosion was uniform.
The effect of alkalinity on copper concentration presented in the linear 
relationship, Eq. 3.5, indicates that some of the copper that was corroded was released to 
the solution and may have reacted with carbonate and bicarbonate ions in the water. The 
amount of copper released to solution or incorporated into scale depends on alkalinity, 
temperature, pH, and the presence of other ions that can react with copper. This effect of
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Index, Table 2. The calculated average L.I. o f -0.02 for loop I indicated that the water 
tended to dissolve CaCOjjj) which provided HCO/ and CO/- ions, Eqs. 1.8 and 1.9.
Thus, available HCO; and CO3 - ions as a result o f dissociation o f CaCOj could react 
with copper ions Cu‘  ^to form soluble copper carbonate and copper bicarbonate 
complexes as in the following equations:
Cu - + HCO3 CuHCOj- Eq.3.7
Cu'- + CO3-- CuCCOj) Eq. 3.8
A thermodynamic hydrolysis analysis was performed on the water in loop I, using 
WATEQ4F Model (Ball, 1987), indicated that the solution tended to form Cu(0 H)2, 
Cu(HC03)*, and Cu(C03)2  ^compounds. Thus, the concentration o f soluble Cu can be 
calculated in order of abundance as follows:
Cut = [Cu(0H>2] + [CUCO3] + [CUHCO3*] + [Cu(C03)2-'] + [Cu*-] Eq. 3.9 
Furthermore, it was noted that DO at the level reported in this experiment has 
little effect on dissolved copper concentration. This result with neglecting the small 
fluctuation in pH indicates that the driving force for the anodic reaction increases as free 
copper (Cu'-) activity decreases, Eq. 3.10.
Cu+Yz  O2 + H2O 20H- Cu - Eq. 3.10
Thus, the formation o f  soluble copper-bicarbonate and copper-carbonate could 
reduce the free copper concentration (Cu*-) in Eq. 3.10, thereby driving the reaction 
to the right which increases the corrosion rate.
R eproduced  with perm ission o f the copyright owner. Further reproduction prohibited without perm ission.
CHAPTER 4
SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS 
4.1 Summary
The effect o f sodium silicate and dissolved oxygen on copper corrosion by­
product concentrations in distribution piping system was studied and characterized. 
Experiments were designed to measure effects of temperature, pH, alkalinity, DO, silica 
and dissolved copper concentrations. Four copper pipe loops were used in this 
experiment; and sodium silicate were applied at three different nominal dosages, 4, 8, and 
12 mg/1 as Si02, where the first loop used as a control. Sodium silicate was found to be 
very effective in inhibiting copper corrosion. Statistical analysis were performed to 
estimate the most effective dosage rate of sodium silicate. A regression equation was 
developed to estimate the effect o f  dissolved silica on the dissolved copper concentration. 
It is possible that carbonate and bicarbonate ions played a major role in copper corrosion 
in loop 1. It was possible to empirically characterize copper corrosion by-product 
concentration as a function o f alkalinity and temperature in loop 1 where no sodium 
silicate was added.
47
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4.2 Conclusions
Based on this work, the following conclusions were drawn:
1. For the water in the SNWS, sodium silicate is very effective in inhibiting corrosion in 
copper pipe lines at pH range o f 7.9-8.3.
2. The most effective applied silica dosage rate was 11.3 mg/1. However, the 8.1 mg/1 
dosage rate was found very effective concerning the applied Lead and Copper Rules. 
Other factors should be examined such as initial cost, operating cost, and operating limit 
o f copper corrosion by-product concentration that SNWS management will tolerate 
before deciding which dosage rate to implement in full-scale treatment.
3. Increasing DO concentrations did not have significant effects on copper concentration 
in the water.
4. Except for the first three months, copper concentrations were time-independent, and 
strongly dependent on silica concentrations added to the water. At any time in the 
experiment, when dosage rate of silica decreased significantly, copper concentration 
usually increased, and vice versa.
5. Over the temperature range o f 14 °C to 33 “C, and alkalinity range of 123 to 140 mg/1 
as CaCOg, copper concentrations increased as temperature and alkalinity increased.
6 . The formation o f Cu(0 H)2, CuCOj, CuHCOj*', and CuCCOj),'^ were more 
thermodynamically favored under the experiment conditions, which indicated that over 
pH range 7.6 - 8.0 those species were the predominant species in the solution in loop 1 
where no silica was added.
R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
4 9
4.3 Recommendations
Modification and extension of the experiment for aqueous copper corrosion is 
suggested. Extension to a broader range o f aqueous species and concentrations involved 
in water treatment processes such as chlorination in utilities that use chlorination process 
for disinfection is advisable.
A study to evaluate the effect o f  precipitated hydroxide and carbonate solids in 
retarding the corrosion process by adding Cu*- and OH into a water of known chemical 
composition along with analyzing the corrosion products form on the surface by x-ray 
diffraction analysis could provide a valuable understanding o f the actual corrosion 
processes taking place.
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APPENDIX I
SAMPLE OF CALCULATIONS
50
R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
51
lA . Chemical Feed Rate Calculations
For desired SiO^ dosage o f 4 mg/1
The silica product is 28.7% SiOj concentrate. Then the product concentration needed to 
be in the water to get 4 mg/1 SiO, is (Eq. 2.1):
PD = 4 mg/1 / 0.287 = 13.9 mg/1
Product was diluted in water to get solution that has 20 g/1 o f the product; then the feed 
rate o f  the solution needed is (Eq. 2.2):
Feed rate = 7570 (ml/min) * 13.9 (mg/1) / 20000 (mg/1)
= 5.3 ml/min
2A. Langelier Index Calculations
Langelier Index, L.I. = pH - pHs
pHs = pKa - pKs + p[Ca*^] + pjHCOj ] - logyca-2 - logYMCos-
note: total alkalinity in eq/1 can be used interchangeably with [HCO3 ] for waters with pH
< 9(i«)
- IogYca-2 = 0-5 ( * p'^(Snoeyink et al., 1980)
Zca,2 = charge of Ca*- ion = 2
p  = 1.6 X  10'  ^X  conductivity (Snoeyink et al., 1980)
use the above equations, constants Ka and Ks for T = 24.8 °C from Ref. 18, and the data 
collected in 9/18/97 for loop 1 
p = 1.6 X  10"’ X  1000 = 1.6 X  1 O ’
- log7ca-2 == 0.5 X ( 2 )^  X (1.6 X 10-2)'- = 0.253
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- logYwcos- = 0.5 X ( I )- X (1.6 X 10-2)*'^
= 0.063 
pK424,°o = 10 3 
PkS(24 g°o ~ 8 3
P[ Ca*’ ] = -log(5.75 xlO^)  = 3.24 
p[ HCO3- ] = -log(1.28 X 10- )^ = 2.89
=^ > pHs = 10.3 - 8.3 + 3.24 + 2.89 + 0.253 + 0.063 = 8.45 
=» L.I. = 7.90 - 8.45 = -0.55
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2A. silica and copper concentrations data, loops 1 and 2.
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Loop # 1 
Control
Loop #2 
4 mg/L as Si02
Date Inhibitor Copper SiOi Calc. Inhibitor Delta SiOn Copper
Residua] Cone, mg/1 Dosage, mg/1 Residual, mg/1 Residual Cone, mg/1
9/18/96 9.00 0.490 8.00 8.00 0.433
9/25/96 9.00 0.789 23.33 38.00 29.00 0.173
10/2/96 9.00 0.867 23.56 36.00 27.00 0.191
10/9/96 8.75 0.940 3.93 14.48 5.73 0.607
10/16/96 9.29 1.038 5.63 15.80 6.51 0.597
10/23/96 8.70 0.894 3.70 12.19 3.49 0.605
10/30/96 8.99 0.878 4.22 14.08 5.09 0.500
11/6/96 8.92 0.506 4.79 14.08 5.16 0.268
11/14/96 8.33 0.725 6.54 16.01 7.68 0.300
11/20/96 9.45 0.472 4.16 17.37 7.92 0.187
12/5/96 9.30 0.719 4.05 17.30 8.00 0.225
12/11/96 7.70 0.699 4.25 13.50 5.80 0.247
12/18/96 8.50 0.727 3.44 12.40 3.90 0.228
12/26/96 8.70 0.470 3.99 13.20 4.50 0.232
1/2/97 8.60 0.703 4.08 15.90 7.30 0.219
1/8/97 8.40 0.695 3.76 12.90 4.50 0.279
1/15/97 8.60 0.702 3.99 13.20 4.60 0.267
1/22/97 9.30 0.645 4.19 12.70 3.40 0.274
1/29/97 9.10 0.607 3.30 11.20 2.10 0.293
2/5/97 9.90 0.611 4.71 14.90 5.00 0.252
2/12/97 9.20 0.530 7.20 15.00 5.80 0.227
2/19/97 10.60 0.528 3.79 16.10 5.50 0.339
2/26/97 10.70 0.509 4.02 16.20 5.50 0.293
3/5/97 9.21 0.617 4.51 13.90 4.69 0.279
3/12/97 9.00 0.552 0.14 13.60 4.60 0.351
3/19/97 9.35 0.536 4.53 15.10 5.75 0.284
3/26/97 9.20 0.456 4.02 14.30 5.10 0.331
4/2/97 9.30 0.905 3.87 14.10 4.80 0.503
4/9/97 9.06 0.481 3.39 13.80 4.74 0.365
4/16/97 9.31 0.471 3.47 14.12 4.81 0.277
4/24/97 9.44 0.373 4.08 14.57 5.13 0.285
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4/30/97 9.32 0.485 3.59 15.55 6.23 0.233
S/7/97 9.43 0.699 3.24 14.89 5.46 0.278
5/14/97 9.36 0.664 4.56 9.36 0.00 0.284
5/21/97 9.37 0.657 4.16 15.49 6.12 0.247
5/28/97 9.24 0.689 4.45 16.39 7.15 0.256
6/4/97 10.47 0.744 3.16 17.07 6.60 0.277
6/11/97 10.50 0.699 0.86 14.08 3.58 0.340
6/18/97 9.20 0.707 2.27 12.95 3.75 0.324
6/25/97 9.14 0.689 4.41 15.07 5.93 0.148
7/2/97 9.26 0.599 4.52 15.70 6.44 0.259
7/9/97 9.12 0.617 5.17 16.45 7.33 0.244
7/16/97 9.14 0.762 17.28 31.23 22.09 0.116
7/23/97 10.06 0.586 5.11 14.81 4.75 0.213
7/30/97 9.47 0.767 3.99 15.55 6.08 0.252
8/14/97 9.20 0.724 4.59 16.58 7.39 0.263
8/20/97 9.17 0.764 3.53 14.71 5.54 0.251
8/27/97 9.20 0.747 2.47 14.04 4.85 0.262
9/4/97 9.19 0.745 4.39 13.81 4.62 0.194
9/10/97 8.81 0.737 4.08 9.04 0.23 0.199
9/18/97 5.91 0.740 5.02 12.38 6.46 0.173
9/24/97 9.07 0.739 3.82 14.02 4.95 0.184
10/1/97 9.04 0.828 4.51 15.00 5.96 0.138
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2B. silica and copper concentrations data, loop 3.
Date
Loop #3 
8 mg/L as Si02
SiOz Calc. 
Dosage, mg/1
Inhibitor 
Residual, mg/1
Delta SiO, 
Residual
Copper 
Cone, mg/1
9/18/96 8.00 8.00 0.684
9/25/96 23.88 41.00 32.00 0.171
10/2/96 21.84 30.00 21.00 0.157
10/9/96 7.43 17.83 9.08 0.478
10/16/96 7.03 19.27 9.98 0.484
10/23/96 9.50 19.46 10.76 0.353
10/30/96 8.70 17.75 8.76 0.367
11/6/96 6.89 15.31 6.39 0.198
11/14/96 7.61 17.52 9.19 0.194
11/20/96 7.49 31.78 22.33 0.084
12/5/96 8.72 16.96 7.66 0.189
12/11/96 7.81 16.90 9.20 0.189
12/18/96 8.32 18.52 10.02 0.147
12)76/96 7.89 16.70 8.00 0.143
1/2/97 7.98 8.60 0.00 0.156
1/8/97 8.29 16.20 7.80 0.154
1/15/97 7.18 16.70 8.10 0.158
1/22/97 8.47 17.60 8.30 0.151
1/29/97 6.23 16.50 7.40 0.161
2/5/97 10.59 19.80 9.90 0.125
2/12/97 7.86 15.20 6.00 0.143
2/19/97 7.98 15.80 5.20 0.154
276/97 7.98 13.80 3.10 0.171
3/5/97 8.18 11.00 1.79 0.147
3/12/97 7.72 12.10 3.10 0.171
3/19/97 7.66 12.40 3.05 0.153
376/97 8.95 10.80 1.60 0.157
4/2/97 0.00 11.80 2.50 0.481
4/9/97 9.36 9.56 0.50 0.156
4/16/97 8.67 10.20 0.89 0.210
474/97 6.80 11.09 1.65 0.084
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4/30/97 0.00 11.66 2.34 0.270
5/7/97 9.24 21.06 11.63 0.160
5/14/97 7.84 19.47 10.11 0.148
5/21/97 7.09 17.96 8.59 0.178
5/28/97 9.44 20.21 10.97 0.135
6/4/97 8.12 18.93 8.46 0.199
6/11/97 7.58 18.05 7.55 0.210
6/18/97 8.84 20.21 11.01 0.171
6/25/97 5.32 30.16 21.02 0.228
7/2/97 9.58 20.24 10.98 0.132
7/9/97 9.64 19.02 9.90 0.166
7/16/97 6.40 19.85 10.71 0.177
7/23/97 8.35 11.47 1.41 0.269
7/30/97 6.14 19.32 9.85 0.207
8/14/97 7.23 18.70 9.51 0.176
8/20/97 2.73 14.05 4.87 0.280
8/27/97 8.87 20.37 11.17 0.172
9/4/97 8.55 17.75 8.55 0.150
9/10/97 7.55 12.05 3.25 0.168
9/18/97 7.95 13.03 7.11 0.156
9/24/97 7.18 16.43 7.36 0.184
10/1/97 6.43 17.66 8.61 0.219
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Date
Loop #4 
12 mg/L as S i02
SiOz Calc. 
Dosage, mg/1
Inhibitor 
Residual, mg/1
Delta SiOi 
Residual
Copper 
Cone, mg/1
9/18/96 8.00 8.00 0.587
9/25/96 23.45 38.00 29.00 0.140
10/2/96 23.68 36.00 27.00 0.164
10/9/96 11.82 14.17 5.42 0.354
10/16/96 9.64 19.00 9.71 0.424
10/23/96 10.59 17.10 8.40 0.287
10/30/96 11.08 20.45 11.46 0.296
11/6/96 9.90 17.12 8.20 0.091
11/14/96 11.28 19.52 11.19 0.084
11/20/96 13.49 20.55 11.10 0.116
12/5/96 10.22 20.30 11.00 0.129
12/11/96 11.08 13.50 5.80 0.224
12/18/96 12.31 19.96 11.46 0.129
12/26/96 12.23 19.90 11.20 0.165
1/2/97 0.92 13.70 5.10 0.231
1/8/97 8.52 17.80 9.40 0.166
1/15/97 13.43 18.20 9.60 0.176
1/22/97 13.20 26.30 17.00 0.126
1/29/97 8.18 17.40 8.30 0.188
2/5/97 16.30 22.60 12.70 0.164
2/12/97 9.84 18.80 9.60 0.185
2/19/97 13.80 19.80 9.20 0.132
2/26/97 13.03 19.60 8.90 0.151
3/5/97 11.71 18.20 8.99 0.176
3/12/97 12.31 15.10 6.10 0.220
3/19/97 10.62 21.40 12.05 0.125
3/26/97 13.78 22.10 12.90 0.211
4/2/97 12.20 21.10 11.80 0.190
4/9/97 12.54 19.88 10.82 0.145
4/16/97 9.16 20.62 11.31 0.168
4/24/97 11.82 20.01 10.57 0.146
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4/30/97 0.00 10.29 0.97 0.191
5/7/97 13.60 19.69 10.26 0.183
5/14/97 12.37 22.51 13.15 0.096
5/21/97 5.54 19.82 10.45 0.137
5/28/97 2.67 23.40 14.16 0.095
6/4/97 12.46 18.93 8.46 0.111
6/11/97 11.59 19.58 9.08 0.150
6/18/97 10.39 22.00 12.80 0.127
6/25/97 12.2 ! 22.24 13.10 0.105
7/2/97 13.53 22.80 13.54 0.100
7/9/97 12.69 22.90 13.78 0.131
7/16/97 11.39 22.27 13.13 0.136
7/23/97 9.61 19.53 9.47 0.111
7/30/97 10.73 20.88 11.41 0.122
8/14/97 11.14 21.88 12.68 0.108
8/20/97 7.75 13.50 4.33 0.209
8/27/97 12.80 23.78 14.58 0.100
9/4/97 7.06 16.25 7.06 0.098
9/10/97 10.88 17.65 8.84 0.233
9/18/97 14.41 14.76 8.85 0.145
9/24/97 11.59 21.02 11.95 0.107
10/1/97 14.35 22.27 13.23 0.119
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Table 3A. Physical and chemical properties o f samples. Loop 1
date Temp
"C
D.O
(mg/1)
pH Alkalinity
(mg/1)
Ca*‘
(mg/1)
Cu'-
(mg/1)
9/18/96 24.8 4.7 7.90 128.0 23.0 0.490
9/25/96 27.1 5.3 8.00 132.0 83.2 0.789
10/2/96 24.9 6.1 8.05 138.0 99.2 0.867
10/9/96 24.4 5.5 7.75 126.0 77.6 0.940
10/16/96 24.5 6.1 7.70 138.0 87.2 1.038
10/23/96 15.4 5.3 7.60 138.0 83.2 0.894
10/30/96 15.7 6.4 7.65 134.0 106.0 0.878
11/6/96 16.7 7.0 7.75 122.0 79.2 0.506
11/14/96 18.3 6.9 7.75 132.0 80.8 0.725
11/20/96 23.4 7.1 7.65 120.0 92.8 0.472
12/5/96 18.0 6.8 7.75 114.0 72.0 0.719
12/11/96 17.3 7.4 7.80 130.0 80.0 0.699
12/18/96 14.9 9.7 7.90 135.0 70.0 0.727
12/26/96 14.4 5.9 7.90 140.0 109.0 0.470
1/2/97 17.9 6.8 7.80 138.0 99.0 0.703
1/8/97 16.5 8.3 7.80 120.0 109.0 0.695
1/15/97 15.3 10.5 7.80 135.0 104.0 0.528
1/22/97 15.5 9.0 7.80 128.0 100.0 0.645
1/29/97 15.2 9.1 7.81 135.0 99.0 0.607
2/5/97 15.5 9.0 7.90 130.0 101.0 0.611
2/12/97 15.5 8.3 7.90 136.0 88.0 0.530
2/19/97 16.0 8.5 7.95 120.0 96.0 0.528
2/26/97 16.8 8.7 7.95 120.0 93.0 0.509
3/5/97 14.4 8.6 7.90 135.0 102.0 0.617
3/12/97 19.9 9.3 8.05 114.0 82.0 0.552
3/19/97 19.2 8.7 8.00 120.0 86.0 0.536
3/26/97 17.6 8.4 7.90 120.0 80.0 0.456
4/2/97 14.3 9.1 8.05 135.0 83.0 0.905
4/9/97 16.8 9.4 7.81 120.0 90.0 0.481
4/16/97 18.0 7.6 7.90 145.0 86.0 0.471
4/24/97 17.0 9.2 7.95 124.0 83.0 0.373
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4/30/97 21.7 20.3 8.00 120.0 85.0 0.485
s n m 28.0 17.2 7.83 116.0 78.0 0.657
5/14/97 29.0 10.7 7.90 130.0 82.0 0.664
5/21/97 27.4 10.8 7.80 132.0 83.0 0.657
5/28/97 26.2 10.2 8.00 130.0 83.0 0.689
6/4/97 29.6 8.2 7.70 136.0 82.0 0.744
6/11/97 28.5 13.0 7.80 120.0 90.0 0.699
6/18/97 29.9 11.7 7.84 129.9 84.8 0.707
6/25/97 29.5 9.0 7.60 127.7 86.4 0.689
7/2/97 28.6 10.7 7.70 126.0 129.6 0.599
7/9/97 31.2 9.1 7.80 126.5 150.4 0.617
7/16/97 32.8 8.6 7.80 129.6 140.8 0.762
7/23/97 28.0 9.0 7.80 126.0 102.4 0.586
7/30/97 31.2 9.5 7.90 125.6 136.0 0.767
8/14/97 30.2 9.8 7.70 140.1 120.0 0.724
8/20/97 32.6 7.8 7.60 132.4 142.4 0.764
8/27/97 33.2 9.2 7.69 129.2 94.4 0.747
9/4/97 27.6 9.9 7.50 129.0 96.3 0.745
9/10/97 31.6 8.6 7.55 126.0 104.0 0.737
9/18/97 30.6 9.5 8.01 131.9 104.0 0.740
9/24/97 29.1 9.3 7.76 124.0 104.0 0.739
10/1/97 27.6 6.8 7.73 138.0 94.4 0.828
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Table 3B. Physical and chemical properties o f  samples. Loop 2
date Temp
°C
D.O
(mg/1)
pH Alkalinity
(mg/1)
(:a'Z
(mg/1)
Cu^
(mg/1)
9/18/96 24.4 3.6 8.05 122.0 50.0 0.433
9/25/96 26.8 8.3 8.90 138.0 80.0 0.173
10/2/96 24.6 8.3 9.20 142.0 97.6 0.191
10/9/96 24.3 7.9 7.85 126.0 82.4 0.607
10/16/96 24.4 7.2 7.65 132.0 84.0 0.597
10/23/96 15.6 6.6 7.75 135.0 80.0 0.605
10/30/96 15.6 6.8 8.10 136.0 98.0 0.500
11/6/96 16.6 7.4 8.35 124.0 82.4 0.268
11/14/96 17.6 8.2 8.05 124.0 80.8 0.300
11/20/96 23.0 8.5 7.95 118.0 91.2 0.187
12/5/96 18.0 7.9 8.15 122.0 78.0 0.225
12/11/96 17.4 8.3 8.15 124.0 85.0 0.247
12/18/96 15.0 9.0 8.15 122.0 77.0 0.228
12/26/96 14.2 9.0 8.25 130.0 98.0 0.232
1/2/97 18.0 9.3 8.20 122.0 96.0 0.219
1/8/97 16.4 9.0 8.25 123.0 88.0 0.279
1/15/97 15.2 8.9 8.30 126.0 102.0 0.267
1/22/97 15.1 9.0 8.15 125.0 88.0 0.274
1/29/97 16.0 9.1 8.25 123.0 90.0 0.293
2/5/97 16.0 9.0 8.20 123.0 88.0 0.252
2/12/97 16.2 9.2 8.20 122.0 94.0 0.227
2/19/97 16.8 9.1 8.25 125.0 100.0 0.339
2/26/97 17.2 8.8 8.15 132.0 86.0 0.293
3/5/97 14.2 8.7 8.15 132.0 88.0 0.279
3/12/97 20.5 9.1 8.10 130.0 83.0 0.351
3/19/97 20.2 8.5 8.15 128.0 80.0 0.284
3/26/97 18.6 8.4 8.15 128.0 82.0 0.331
4/2/97 14.0 9.1 8.05 132.0 83.0 0.503
4/9/97 17.4 9.0 8.00 130.0 83.0 0.365
4/16/97 18.6 7.6 7.90 122.0 86.0 0.277
4/24/97 20.2 9.7 8.00 138.0 86.0 0.285
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4/30/97 24.0 22.4 7.96 136.0 82.0 0.233
5/7/97 28.0 13.5 7.88 132.0 80.0 0.278
5/14/97 29.0 10.8 7.98 130.0 82.0 0.284
5/21/97 27.6 10.9 7.93 132.0 90.0 0.247
5/28/97 25.8 9.8 8.09 132.0 80.0 0.256
6/4/97 30.2 6.8 8.05 130.0 82.0 0.277
6/11/97 28.8 9.4 7.95 132.0 82.0 0.34
6/18/97 30.0 9.9 7.90 129.6 96.0 0.324
6/25/97 29.6 10.0 8.01 130.1 88.0 0.148
7/2/97 28.6 11.1 7.96 132.4 107.2 0.259
7/9/97 31.2 10.5 7.97 129.7 115.2 0.244
7/16/97 32.6 10.6 8.30 140.7 92.8 0.116
7/23/97 27.8 9.0 8.03 131.7 102.4 0.213
7/30/97 31.4 9.3 8.05 129.4 97.6 0.252
8/14/97 30.8 9.3 7.96 128.8 128.0 0.263
8/20/97 32.6 8.7 7.96 129.5 132.8 0.251
m i!91 32.6 8.9 7.75 128.8 105.6 0.262
9/4/97 27.2 9.7 7.55 129.3 100.8 0.194
9/10/97 30.8 9.3 7.78 130.2 112.1 0.199
9/18/97 30.8 9.4 7.53 129.5 105.2 0.173
9/24/97 28.8 9.6 7.85 130.6 107.2 0.184
10/1/97 30.6 9.6 7.98 130.9 96.6 0.138
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Table 3C. Physical and chemical properties o f  samples. Loop 3
6 5
date Temp
°C
D.O
(mg/1)
pH Alkalinity
(mg/1)
Ca'-
(mg/1)
Cu'-
(mg/1)
9/18/96 24.2 4.1 7.60 128.0 120.0 0.684
9/25/96 27.0 8.3 8.60 140.0 89.6 0.171
10/2/96 25.0 8.2 9.00 136.0 86.4 0.157
10/9/96 24.6 7.8 7.90 126.0 78.4 0.478
10/16/96 24.0 8.2 7.80 139.0 85.0 0.484
10/23/96 15.2 7.6 8.15 140.0 80.0 0.353
10/30/96 16.0 7.5 8.10 140.0 100.0 0.367
11/6/96 16.6 7.8 8.20 124.0 81.6 0.198
11/14/96 17.6 8.2 8.25 124.0 76.8 0.194
11/20/96 22.8 8.7 8.30 123.0 88.0 0.084
12/5/96 18.0 7.6 8.25 122.0 74.0 0.189
12/11/96 17.4 7.0 8.35 134.0 83.0 0.189
12/18/96 15.0 7.7 8.25 128.0 80.0 0.147
12/26/96 13.8 6.8 8.30 130.0 99.0 0.143
1/2/97 17.8 9.4 8.35 126.0 94.0 0.156
1/8/97 16.8 9.0 8.35 127.0 109.0 0.154
1/15/97 15.0 6.6 8.30 128.0 98.0 0.158
1/22/97 15.2 6.8 8.20 124.0 83.0 0.151
1/29/97 15.0 8.0 8.25 130.0 80.0 0.161
2/5/97 16.5 8.3 8.30 125.0 88.0 0.125
2/12/97 16.6 9.0 8.30 123.0 86.0 0.143
2/19/97 17.0 9.1 8.25 128.0 96.0 0.154
2/26/97 17.6 8.9 8.25 132.0 93.0 0.171
3/5/97 14.6 9.0 8.15 130.0 88.0 0.147
3/12/97 20.6 8.3 8.34 128.0 85.0 0.171
3/19/97 20.4 8.6 8.05 130.0 80.0 0.153
3/26/97 18.4 9.1 8.10 128.0 82.0 0.157
4/2/97 142.0 8.9 8.10 128.0 78.0 0.481
4/9/97 17.4 8.9 7.97 132.0 78.0 0.156
4/16/97 18.4 8.2 8.02 128.0 82.0 0.210
4/24/97 16.8 9.8 8.00 130.0 78.0 0.084
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4/30/97 24.2 21.8 7.99 130.0 82.0 0.270
5/7/97 28.4 8.1 8.13 134.0 80.0 0.160
5/14/97 29.6 9.3 8.15 132.0 75.0 0.148
5/21/97 27.6 9.3 7.95 134.0 38.0 0.178
5/28/97 27.4 10.7 8.15 138.0 82.0 0.135
6/4/97 30.6 7.8 7.90 134.0 82.0 0.199
6/11/97 29.6 10.2 7.98 126.0 80.0 0.210
6/18/97 30.4 11.3 8.17 134.2 107.2 0.171
6/25/97 29.8 11.2 8.10 132.7 84.8 0.228
7/2/97 29.6 11.0 8.14 132.8 112.0 0.132
7/9/97 31.6 10.2 8.08 132.0 152.0 0.166
7/16/97 33.0 9.7 8.00 133.1 100.8 0.177
7/23/97 28.4 10.1 7.92 130.4 102.4 0.269
7/30/97 31.2 9.0 8.08 131.7 115.2 0.207
8/14/97 31.4 9.1 8.10 130.6 124.8 0.176
8/20/97 33.6 8.9 7.89 129.6 102.4 0.280
8/27/97 33.8 9.7 8.03 133.7 115.2 0.172
9/4/97 28.4 9.2 8.10 132.4 107.2 0.150
9/10/97 32.4 8.8 8.15 132.1 96.0 0.168
9/18/97 31.2 9.3 7.80 133.1 98.0 0.156
9/24/97 29.6 9.3 8.08 131.6 100.8 0.184
10/1/97 28.2 9.5 8.00 131.6 116.8 0.219
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Table 3D. Physical and chemical properties o f  samples. Loop 4
6 7
date Temp
°C
D.O.
(mg/1)
pH Alkalinity
(mg/1)
Ca'2
(mg/1)
Cu'-
(mg/1)
9/18/96 23.8 5.2 7.60 126.0 234.0 0.587
9/25/96 26.8 8.1 8.55 138.0 81.6 0.140
10/2/96 24.8 7.8 8.70 140.0 83.2 0.164
10/9/96 24.6 7.9 7.95 114.0 72.0 0.354
10/16/96 24.2 8.5 7.95 143.0 80.0 0.424
10/23/96 15.0 7.9 8.25 139.0 76.8 0.287
10/30/96 15.8 7.7 8.20 142.0 96.0 0.296
11/6/96 16.2 8.1 8.30 126.0 84.0 0.091
11/14/96 17.4 8.5 8.25 132.0 83.2 0.084
11/20/96 22.8 8.8 8.25 128.0 91.2 0.116
12/5/96 18.2 8.2 8.50 124.0 80.0 0.129
12/11/96 17.4 7.9 8.35 130.0 86.0 0.224
12/18/96 15.2 9.1 8.50 128.0 85.0 0.129
12/26/96 14.0 9.1 8.50 134.0 101.0 0.165
1/2/97 18.0 9.2 8.00 124.0 98.0 0.231
1/8/97 16.6 9.1 8.45 130.0 102.0 0.166
1/15/97 15.4 9.1 8.45 134.0 106.0 0.176
1/22/97 15.5 9.0 8.30 128.0 88.0 0.126
1/29/97 15.3 9.1 8.35 130.0 96.0 0.188
2/5/97 15.7 8.6 8.25 132.0 83.0 0.164
2/12/97 16.0 8.9 8.30 136.0 85.0 0.185
2/19/97 16.6 8.9 8.30 134.0 85.0 0.132
2/26/97 17.6 8.9 8.20 134.0 93.0 0.151
3/5/97 14.8 8.8 8.30 134.0 91.0 0.176
3/12/97 20.8 9.3 8.05 134.0 83.0 0.220
3/19/97 20.6 8.6 8.25 136.0 82.0 0.125
3/26/97 18.8 8.7 8.35 134.0 82.0 0.211
4/2/97 14.4 9.0 8.30 134.0 82.0 0.190
4/9/97 18.0 9.0 8.24 132.0 82.0 0.145
4/16/97 19.4 10.0 8.39 146.0 85.0 0.168
4/24/97 19.8 9.4 8.40 136.0 82.0 0.146
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4/30/97 23.0 26.2 7.80 132.0 83.0 0.191
s n m 28.2 11.5 8.14 134.0 78.0 0.183
5/14/97 29.2 7.6 8.32 136.0 80.0 0.096
5/21/97 27.8 10.8 8.05 138.0 93.0 0.137
5/28/97 26.4 10.9 8.25 136.0 82.0 0.095
6/4/97 30.0 7.9 8.20 134.0 80.0 0.111
6/11/97 28.8 9.9 8.07 122.0 85.0 0.150
6/18/97 30.2 10.2 8.27 135.5 84.8 0.127
6/25/97 29.0 9.8 8.20 134.9 86.4 0.105
7/2/97 29.8 10.0 8.15 133.6 102.3 0.100
7/9/97 30.8 10.6 8.20 133.3 94.4 0.131
7/16/97 32.0 8.6 8.10 134.5 118.4 0.136
7/23/97 27.4 9.6 8.19 133.8 108.8 0.111
7/30/97 31.0 9.4 8.15 133.5 137.6 0.122
8/14/97 30.2 9.4 8.20 132.4 136.0 0.108
8/20/97 32.4 9.1 7.90 128.7 113.6 0.209
8/27/97 33.0 9.6 8.28 138.3 120.0 0.100
9/4/97 27.2 10.1 8.35 131.9 110.4 0.098
9/10/97 31.8 8.9 8.15 130.0 113.6 0.233
9/18/97 31.3 9.5 7.85 133.4 98.0 0.145
9/24/97 28.6 8.2 8.22 135.9 96.1 0.107
10/1/97 27.2 8.2 8.67 150.0 121.6 0.119
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7 0
IV A. Langelier Indix calculations data. Loop 1
Date pH pfHCOjl pfCa*:] pK2 pKs -logyca*^ -logyHCO,' pHs L.1
9/18/96 7.90 2.893 3.240 10.297 8.297 0.253 0.063 8.449 -0.549
9/25/96 8.00 2.879 2.682 10.333 8.333 0.252 0.063 7.876 0.124
10/2/96 8.05 2.860 2.606 10.298 8.298 0.241 0.060 7.767 0.283
10/9/96 7.75 2.900 2.712 10.290 8.290 0.240 0.060 7.912 -0.162
10/16/96 7.70 2.860 2.662 10.292 8.292 0.229 0.057 7.808 -0.108
10/23/96 7.60 2.860 2.682 10.141 8.141 0.243 0.061 7.845 -0.245
10/30/% 7.65 2.873 2.577 10.146 8.146 0.245 0.061 7.756 -0.106
11/6/96 7.75 2.914 2.703 10.163 8.163 0.228 0.057 7.902 -0.152
11/14/96 7.75 2.879 2.695 10.190 8.190 0.259 0.065 7.898 -0.148
11/20/96 7.65 2.921 2.635 10.274 8.274 0.244 0.061 7.860 -0.210
12/5/% 7.75 2.943 2.745 10.185 8.185 0.232 0.058 7.978 -0.228
12/11/96 7.80 2.886 2.699 10.173 8.173 0.241 0.060 7.887 -0.087
12/18/96 7.90 2.870 2.757 10.132 8.132 0.243 0.061 7.930 -0.030
12/26/96 7.90 2.854 2.565 10.124 8.124 0.240 0.060 7.719 0.181
1/2/97 7.80 2.860 2.606 10.183 8.183 0.248 0.062 7.776 0.024
1/8/97 7.80 2.921 2.565 10.160 8.160 0.244 0.061 7.790 0.010
1/15/97 7.80 2.870 2.585 10.139 8.139 0.245 0.061 7.761 0.039
1/22/97 7.80 2.893 2.602 10.142 8.142 0.250 0.063 7.808 -0.008
1/29/97 7.81 2.870 2.606 10.137 8.137 0.252 0.063 7.791 0.019
2/5/97 7.90 2.886 2.598 10.142 8.142 0.255 0.064 7.803 0.097
2/12/97 7.90 2.866 2.658 10.142 8.142 0.258 0.064 7.847 0.053
2/19/97 7.95 2.921 2.620 10.151 8.151 0.253 0.063 7.857 0.093
2/26/97 7.95 2.921 2.634 10.165 8.165 0.250 0.063 7.867 0.083
3/5/97 7.90 2.870 2.593 10.124 8.124 0.254 0.064 7.781 0.119
3/12/97 8.05 2.943 2.688 10.217 8.217 0.253 0.063 7.948 0.102
3/19/97 8.00 2.921 2.668 10.205 8.205 0.252 0.063 7.903 0.097
3/26/97 7.90 2.921 2.699 10.178 8.178 0.250 0.063 7.933 -0.033
4/2/97 8.05 2.870 2.683 10.122 8.122 0.254 0.064 7.870 0.180
4/9/97 7.81 2.921 2.648 10.165 8.165 0.254 0.064 7.886 -0.076
4/16/97 7.90 2.839 2.668 10.185 8.185 0.258 0.064 7.829 0.071
4/24/97 7.95 2.907 2.683 10.168 8.168 0.250 0.063 7.903 0.047
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4/30/97 8.00 2.921 2.673 10.246 8.246 0.252 0.063 7.908 0.092
5/7/97 7.83 2.936 2.710 10.348 8.348 0.252 0.063 7.960 -0.130
5/14/97 7.90 2.886 2.688 10.363 8.363 0.248 0.062 7.884 0.016
5/21/97 7.80 2.879 2.683 10.338 8.338 0.243 0.061 7.866 -0.066
5/28/97 8.00 2.886 2.683 10.319 8.319 0.252 0.063 7.884 0.116
6/4/97 7.70 2.866 2.688 10.373 8.373 0.250 0.063 7.868 -0.168
6/11/97 7.80 2.921 2.648 10.356 8.356 0.253 0.063 7.885 -0.085
6/18/97 7.84 2.886 2.674 10.377 8.377 0.252 0.063 7.875 -0.035
6/25/97 7.60 2.894 2.666 10.371 8.371 0.253 0.063 7.876 -0.276
7/2/97 7.70 2.900 2.489 10.357 8.357 0.245 0.061 7.696 0.004
7/9/97 7.80 2.898 2.425 10.398 8.398 0.237 0.059 7.619 0.181
7/16/97 7.80 2.887 2.453 10.422 8.422 0.225 0.056 7.622 0.178
7/23/97 7.80 2.900 2.592 10.348 8.348 0.241 0.060 7.793 0.007
7/30/97 7.90 2.901 2.469 10.398 8.398 0.253 0.063 7.686 0.214
8/14/97 7.70 2.854 2.523 10.382 8.382 0.249 0.062 7.688 0.012
8/20/97 7.60 2.878 2.449 10.419 8.419 0.243 0.061 7.630 -0.030
8/27/97 7,69 2.889 2.627 10.428 8.428 0.264 0.066 7.846 -0.156
9/4/97 7.50 2.889 2.618 10.341 8.341 0.252 0.063 7.822 -0.322
9/10/97 7.55 2.900 2.585 10.404 8.404 0.263 0.066 7.813 -0.263
9/18/97 8.01 2.880 2.585 10.388 8.388 0.263 0.066 7.793 0.217
9/24/97 7.76 2.907 2.585 10.365 8.365 0.250 0.063 7.805 -0.045
10/1/97 7.73 2.860 2.627 10.341 8.341 0.250 0.063 7.800 -0.070
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IV B. Langelier Indix caJculations data. Loop 2
Date pH P(HC0,T p[Ca':] pK2 pKs -logyca*^ -logyHCO, pHs L.l
9/18/96 8.05 2.914 2.903 10.290 8290 0252 0.063 8.131 -0.081
9/25/96 8.90 2.860 2.699 10.329 8.329 0.254 0.064 7.877 1.023
10/2/96 9.20 2.848 2.613 10.294 8.294 0.243 0.061 7.764 1.436
10/9/96 7.85 2.900 2.686 10.289 8.289 0.240 0.060 7.886 -0.036
10/16/96 7.65 2.879 2.678 10.290 8.290 0.243 0.061 7.861 -0211
10/23/96 7.75 2.870 2.699 10.144 8.144 0.228 0.057 7.853 -0.103
10/30/96 8.10 2.866 2.611 10.144 8.144 0.255 0.064 7.797 0.303
11/6/96 8.35 2.907 2.686 10.161 8.161 0.252 0.063 7.907 0.443
11/14/96 8.05 2.907 2.695 10.178 8.178 0.270 0.068 7.939 0.111
11/20/96 7.95 2.928 2.642 10.268 8.268 0.240 0.060 7.870 0.080
12/5/96 8.15 2.914 2.710 10.185 8.185 0.216 0.054 7.894 0.256
12/11/96 8.15 2.907 2.673 10.175 8.175 0257 0.064 7.900 0.250
12/18/96 8.15 2.914 2.716 10.134 8.134 0250 0.063 7.942 0.208
12/26/96 8.25 2.886 2.611 10.120 8.120 0247 0.062 7.805 0.445
1/2/97 8.20 2.914 2.620 10.185 8.185 0.244 0.061 7.838 0.362
1/8/97 8.25 2.910 2.658 10.158 8.158 0.241 0.060 7.869 0.381
1/15/97 8.30 2.900 2.593 10.137 8.137 0.240 0.060 7.793 0.507
1/22/97 8.15 2.903 2.658 10.136 8.136 0.255 0.064 7.880 0.270
1/29/97 8.25 2.910 2.648 10.151 8.151 0.263 0.066 7.887 0.363
2/5/97 8.20 2.910 2.658 10.151 8.151 0.252 0.063 7.882 0.318
2/12/97 8.20 2.914 2.629 10.154 8.154 0.239 0.060 7.841 0.359
2/19/97 8.25 2.903 2.602 10.165 8.165 0.236 0.059 7.800 0.450
2/26/97 8.15 2.879 2.668 10.171 8.171 0.232 0.058 7.837 0.313
3/5/97 8.15 2.879 2.658 10.120 8.120 0.235 0.059 7.830 0.320
3/12/97 8.10 2.886 2.683 10.227 8.227 0.253 0.063 7.885 0.215
3/19/97 8.15 2.893 2.699 10.222 8.222 0.252 0.063 7.906 0.244
3/26/97 8.15 2.893 2.688 10.195 8.195 0.252 0.063 7.896 0.254
4/2/97 8.05 2.879 2.683 10.117 8.117 0.265 0.066 7.894 0.156
4/9/97 8.00 2.886 2.683 10.175 8.175 0.255 0.064 7.888 0.112
4/16/97 7.90 2.914 2.668 10.195 8.195 0.257 0.064 7.902 -0.002
4/24/97 8.00 2.860 2.668 10.222 8.222 0252 0.063 7.842 0.158
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4/30/97 7.96 2.866 2.688 10.284 8.284 0.250 0.063 7.868 0.092
5/7/97 7.88 2.879 2.699 10.348 8.348 0.248 0.062 7.888 -0.008
5/14/97 7.98 2.886 2.688 10.363 8.363 0.243 0.061 7.878 0.102
5/21/97 7.93 2.879 2.648 10.341 8.341 0.248 0.062 7.837 0.093
5/2&97 8.09 2.879 2.699 10.313 8.313 0.237 0.059 7.875 0315
6/4/97 8.05 2.886 2.688 10.382 8.382 0.253 0.063 7.891 0.159
6/11/97 7.95 2.879 2.688 10.360 8.360 0.255 0.064 7.887 0.063
6/18/97 7.90 2.887 2.620 10.379 8.379 0.262 0.065 7.834 0.066
6/25/97 8.01 2.886 2.658 10.373 8.373 0.260 0.065 7.869 0.141
7/2/97 7.96 2.878 2.572 10.357 8.357 0.260 0.065 7.776 0.184
7/9/97 7.97 2.887 2.541 10.398 8.398 0.260 0.065 7.753 0317
7/16/97 8.30 2.852 2.635 10.419 8.419 0.252 0.063 7.801 0.499
7/23/97 8.03 2.880 2.592 10.345 8345 0.265 0.066 7.804 0.226
7/30/97 8.05 2.888 2.613 10.401 8.401 0.263 0.066 7.829 0.221
8/14/97 7.96 2.890 2.495 10.391 8.391 0.263 0.066 7.714 0.246
820/97 7.96 2.888 2.479 10.419 8.419 0.263 0.066 7.695 0.265
827/97 7.75 2.890 2.578 10.419 8.419 0.264 0.066 7.799 -0.049
9/4/97 7.55 2.888 2.599 10.335 8.335 0.250 0.063 7.800 -0.250
9/10/97 7.78 2.885 2.552 10.391 8.391 0.249 0.062 7.749 0.031
9/18/97 7.53 2.888 2.580 10.391 8.391 0.245 0.061 7.774 -0.244
924/97 7.85 2.884 2.572 10.360 8.360 0.248 0.062 7.766 0.084
10/1/97 7.98 2.883 2.617 10.388 8.388 0347 0.062 7.808 0.172
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IV C. Langelier Indix calculations data. Loop 3
Date pH pfAlk] p[Ca* l^ pKj pKs -logyca'^ -logyHCO,' pHs L.l
9/18/96 7.60 2.893 2.523 10.287 8.287 0.255 0.064 7.735 -0.135
9/25/96 8.60 2.854 2.650 10.332 8.332 0.255 0.064 7.823 0.777
10/2/96 9.00 2.866 2.666 lOJOO 8.300 0243 0.061 7.835 1.165
10/9/96 7.90 2.900 2.708 10.294 8.294 0.229 0.057 7.894 0.006
10/16/96 7.80 2.857 2.673 10.284 8.284 0.241 0.060 7.831 -0.031
10/23/96 8.15 2.854 2.699 10.137 8.137 0.212 0.053 7.817 0.333
10/30/96 8.10 2.854 2.602 10.151 8.151 0.255 0.064 7.775 0.325
11/6/96 8.20 2.907 2.690 10.161 8.161 0.254 0.064 7.915 0.285
11/14/96 8.25 2.907 2.717 10.178 8.178 0.277 0.069 7.970 0.280
11/20/96 8.30 2.910 2.658 10.264 8.264 0.269 0.067 7.904 0.396
12/5/96 8.25 2.914 2.733 10.185 8.185 0.230 0.058 7.935 0.315
12/11/96 8.35 2.873 2.683 10.175 8.175 0.232 0.058 7.846 0.504
\m % m 8.25 2.893 2.699 10.134 8.134 0.274 0.068 7.934 0.316
12^6/96 8.30 2.886 2.606 10.113 8.113 0.270 0.068 7.830 0.470
1/2/97 8.35 2.900 2.629 10.182 8.182 0.244 0.061 7.834 0.516
1/8/97 8.35 2.896 2.565 10.165 8.165 0.228 0.057 7.745 0.605
1/15/97 8.30 2.893 2.611 10.134 8.134 0.263 0.066 7.832 0.468
1/22/97 8.20 2.907 2.683 10.137 8.137 0.253 0.063 7.906 0.294
1/29/97 8.25 2.886 2.699 10.134 8.134 0.236 0.059 7.880 0.370
2/5/97 8.30 2.903 2.658 10.160 8.160 0.254 0.064 7.878 0.422
2/12/97 8.30 2.910 2.668 10.161 8.161 0.221 0.055 7.853 0.447
2/19/97 8.25 2.893 2.620 10.168 8.168 0.253 0.063 7.829 0.421
2#6/97 8.25 2.879 2.634 10.178 8.178 0.236 0.059 7.808 0.442
3/5/97 8.15 2.886 2.658 10.127 8.127 0.254 0.064 7.861 0.289
3/12/97 8.34 2.893 2.673 10.228 8.228 0.254 0.064 7.883 0.457
3/19/97 8.05 2.886 2.699 10.225 8.225 0.221 0.055 7.861 0.189
3/26/97 8.10 2.893 2.688 10.192 8.192 0.253 0.063 7.897 0.203
4/2/97 8.10 2.893 2.710 11.649 9.649 0.255 0.064 7.922 0.178
4/9/97 7.97 2.879 2.710 10.175 8.175 0.219 0.055 7.863 0.107
4/16/97 8.02 2.893 2.688 10.192 8.192 0.255 0.064 7.900 0.120
4/24/97 8.00 2.886 2.710 10.165 8.165 0.250 0.063 7.909 0.091
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
7 5
4/30/97 7.99 2.886 2.688 10.287 8.287 0.252 0.063 7.889 O.IOl
5/7/97 8.13 2.873 2.699 10.354 8.354 0.250 0.063 7.885 0.245
5/14/97 8.15 2.879 2.727 10.373 8.373 0.252 0.063 7.921 0.229
5/21/97 7.95 2.873 2.658 10.341 8.341 0.253 0.063 7.847 0.103
5/28/97 8.15 2.860 2.688 10.338 8.338 0.255 0.064 7.868 0.282
6/4/97 7.90 2.873 2.688 10.388 8.388 0.250 0.063 7.874 0.026
6/11/97 7.98 2.900 2.699 10.373 8.373 0.233 0.058 7.890 0.090
6/18/97 8.17 2.872 2.572 10.385 8.385 0.248 0.062 7.754 0.416
6/25/97 8.10 2.877 2.674 10.376 8.376 0.253 0.063 7.867 0.233
7/2/97 8.14 2.877 2.553 10.373 8.373 0.252 0.063 7.744 0.396
7/9/97 8.08 2.879 2.420 10.404 8.404 0.252 0.063 7.614 0.466
7/16/97 8.00 2.876 2.599 10.425 8.425 0J21 0.055 7.750 0.250
7/23/97 7.92 2.885 2J92 10.354 8.354 0.225 0.056 7.758 0.162
7/30/97 8.08 2.880 2.541 10.398 8.398 0.255 0.064 7.740 0.340
8/14/97 8.10 2.884 2.506 10.401 8.401 0.221 0.055 7.666 0.434
8/20/97 7.89 2.887 2.592 10.434 8.434 0.219 0.055 7.753 0.137
8/27/97 8.03 2.874 2.541 10.437 8.437 0.218 0.054 7.687 0J43
9/4/97 8.10 2.878 2J72 10.354 8.354 0.219 0.055 7.724 0.376
9/10/97 8.15 2.879 2.620 10.416 8.416 0.218 0.054 7.771 0.379
9/18/97 7.80 2.876 2.611 10.398 8.398 0.222 0.055 7.764 0.036
9/24/97 8.08 2.881 2.599 10.373 8.373 0.218 0.054 7.751 0.329
10/1/97 8.00 2.881 2.535 10.351 8.351 0.218 0.054 7.687 0.313
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IV D. Langelier Indix calculations data. Loop 4
Date pH p[HCO,-] pfCa'^l pKz pKs -logyCa'^ -logyHCO, pHs L.l
9/18/% 7.60 2.900 2.233 10.281 8.281 0.255 0.064 7.452 0.148
9/25/% 8.55 2.860 2.690 10.329 8.329 0.254 0.064 7.868 0.682
10/2/96 8.70 2.854 2.682 10.297 8.297 0.230 0.058 7.824 0.876
10/9/% 7.95 2.943 2.745 10.294 8.294 0.216 0.054 7.958 -0.008
10/16% 7.95 2.845 2.699 10.287 8.287 0.210 0.053 7.806 0.144
10/23/% 8.25 2.857 2.717 10.134 8.134 0.215 0.054 7.842 0.408
10/30% 8.20 2.848 2.620 10.148 8.148 0.257 0.064 7.788 0.412
11/6/96 8.30 2.900 2.678 10.154 8.154 0.255 0.064 7.897 0.403
11/14% 8.25 2.879 2.682 10.175 8.175 0.258 0.064 7.884 0.366
11/20% 8.25 2.893 2.642 10_264 8.264 0.255 0.064 7.854 0.396
12/5% 8.50 2.907 2.699 10.188 8.188 0.204 0.051 7.860 0.640
12/11/% 8.35 2.886 2.668 10.175 8.175 0206 0.051 7.811 0.539
12/18% 8.50 2.893 2.673 10.137 8.137 0.233 0.058 7.857 0.643
12/26% 8.50 2.873 2.598 10.117 8.117 0.263 0.066 7.799 0.701
1/2/97 8.00 2.907 2.611 10.185 8.185 0.249 0.062 7.829 0.171
1/8/97 8.45 2.886 2.593 10.161 8.161 0.228 0.057 7.764 0.686
1/15/97 8.45 2.873 2.577 10.141 8.141 0.228 0.057 7.734 0.716
l/22#7 8.30 2.893 2.658 10.142 8.142 0.253 0.063 7.867 0.433
1/29/97 8.35 2.886 2.620 10.139 8.139 0.235 0.059 7.799 0.551
2/5/97 8.25 2.879 2.683 10.146 8.146 0.239 0.060 7.861 0.389
2 J \m i 8.30 2.866 2.673 10.151 8.151 0.223 0.056 7.818 0.482
2/19/97 8.30 2.873 2.673 10.161 8.161 0.253 0.063 7.862 0.438
2/26/97 8.20 2.873 2.634 10.178 8.178 0.235 0.059 7.800 0.400
3/5/97 8.30 2.873 2.643 10.130 8.130 0.239 0.060 7.814 0.486
3/12/97 8.05 2.873 2.683 10.232 8.232 0.239 0.060 7.854 0.196
3/19/97 8.25 2.866 2.688 10.228 8.228 0.223 0.056 7.834 0.416
3/26/97 8.35 2.873 2.688 10.198 8.198 0.222 0.055 7.839 0.511
4/2/97 8.30 2.873 2.688 10.124 8.124 0.218 0.054 7.833 0.467
4/9/97 8.24 2.879 2.688 10.185 8.185 0.215 0.054 7.836 0.404
m o m 8.39 2.836 2.673 10.208 8.208 0.255 0.064 7.828 0.562
4/24/97 8.40 2.866 2.688 I0J15 8.215 0.259 0.065 7.879 0.521
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4/30/97 7.80 2.879 2.683 10.268 8.268 0.253 0.063 7.879 -0.079
5 n m 8.14 2.873 2.710 10.351 8.351 0.250 0.063 7.896 0.244
5/14/97 8.32 2.866 2.699 10.366 8.366 0.252 0.063 7.880 0.440
5/21/97 8.05 2.860 2.634 10.345 8.345 0.254 0.064 7.812 0.238
5/28/97 8.25 2.866 2.688 10.322 8.322 0.235 0.059 7.848 0.402
6/4/97 8.20 2.873 2.699 10.379 8.379 0.241 0.060 7.874 0.326
6/11/97 8.07 2.914 2.673 10.360 8.360 0.257 0.064 7.907 0 163
6/18/97 8.27 2.868 2.674 10.382 8382 0.250 0.063 7.855 0.415
6/25/97 8.20 2.870 2.666 10.363 8.363 0.233 0.058 7.827 0.373
7/2/97 8.15 2.874 2.592 10376 8.376 0.213 0.053 7.733 0.417
7/9/97 8.20 2.875 2.627 10.391 8.391 0.241 0.060 7.804 0.396
7/16/97 8.10 2.871 2.529 10.410 8.410 0.230 0.058 7.688 0.412
7/23/97 8.19 2.874 2.565 10.338 8.338 0.242 0.060 7.741 0.449
7/30/97 8.15 2.875 2.463 10.394 8.394 0.252 0.063 7.653 0.497
8/14/97 8.20 2.878 2.469 10.382 8.382 0.218 0.054 7.619 0.581
8/20/97 7.90 2.890 2.547 10.416 8.416 0.241 0.060 7.739 0.161
8/27/97 8.28 2.859 2.523 10.425 8.425 0.215 0.054 7.650 0.630
9/4/97 8.35 2.880 2.559 10.335 8.335 0.315 0.079 7.833 0.517
9/10/97 8.15 2.886 2.547 10.407 8.407 0.239 0.060 7.731 0.419
9/18/97 7.85 2.875 2.611 10.399 8.399 0.250 0.063 7.799 0.051
9/24/97 8.22 2.867 2.519 10.357 8.357 0.232 0.058 7.776 0.444
10/1/97 8.67 2.824 2.517 10.335 8.335 0.239 0.060 7.639 1.031
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
APPENDIX V
MINITAB OUTPUT
78
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
7 9
Analysis o f Covariance (O rthogonal Design)
Factor Levels Values
Loop 4 1 2 3 4
Analysis o f  Covariance for Cu, mg/1
Source DF Adj SS MS F P
Covariates 1 0.1369 0.1369 11.14 0.001
Loop 3 8.1180 2.7060 220.06 0.000
Error 207 2.5455 0.0123
Total 211 10.9561
Covariate Coef StDev T P
DO, mg/1 -0.01066 0.00320 -3.337 0.001
Analysis of Covariance (O rthogonal Design)
Factor Levels Values
Loop 3 2 3 4
Analysis o f Covariance for Cu, mg/1
Source DF Adj SS MS F P
Covariates 1 0.08276 0.08276 8.20 0.005
Loop 2 0.35789 0.17894 17.73 0.000
Error 155 1.56457 0.01009
Total 158 2.00695
Covariate Coef StDev T P
DO, mg/1 -0.009754 0.00341 -2.863 0.005
Analysis of Covariance (O rthogonal Design)
Factor Levels Values
Loop 2 3 4
Analysis o f Covariance for Cu, mg/1
Source DF Adj SS MS F P
Covariates 1 0.030733 0.030733 3.16 0.078
Loop 1 0.030250 0.030250 3.11 0.081
Error 103 1.001873 0.009727
Total 105 1.067419
Covariate Coef StDev T P
DO, mg/1 -0.007199 0.00405 -1.778 0.078
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